T HE ARTICLE EXAMINES the approaches of a number of scientific institutions to the degradation of mechanical properties in pipe steels which may occur over long-term service life. It also presents the results of research into the actual mechanical properties and chemical composition characteristics of pipe steels with various service lives. The classification (ranking) of pipe steels of various grades used by PJSC Transneft is presented according to the criteria of length, service life, manufacturer, regulatory documents for supply, etc.
The development of approaches to assessing changes in pipe steel characteristics while in operation
At the present, there are several approaches to assessing changes in pipeline steel characteristics over long-term operation have been developed; the best-known scientific institutions specializing in this field are:
• Nizhny Novgorod University (Research Institute for Physics and Technology at Lobachevsky State University of Nizhnyi Novgorod) analyses the physical mechanisms of ageing processes in low-carbon low-alloyed pipe steels used in trunk pipelines. Ageing is attributed to the diffusioncontrolled movement of carbon atoms towards lattice defects and the formation of carbide particles at the grain boundaries [1] .
The methodology of relaxation tests is suggested with an evaluation of the macro-elasticity limit, as the most sensitive parameter to ageing processes in pipe steels. The university is known for organizing the 2010 conference on 'The problems of steel ageing and resources in trunk pipelines'.
• The I.P.Bardin Central Research Institute for Ferrous Metallurgy [2] [3] [4] [5] [6] [7] [8] studies the impact of longterm operation and hydraulic tests on the mechanical properties and fracture resistance characteristics of pipe steels. As such, the fracture resistance characteristics of metal are shown to decrease. Pipe steel properties degrade due to local micro-stresses in the structure of the metal, deformational ageing processes and the buildup of defects such as microcracks. Here, authors employ the internal friction method to assess the concentration and mobility of point defects, dislocation structure, and the kinetics of initial stages of ageing.
• The research team at Togliatti State University [9] [10] [11] [12] specializes in using acoustic emission methods to inspect materials and structures, and to evaluate material resources.
• Representatives of Belgorod National Research University are conducting studies into the assessment of resource and the durability of pipeline materials with various functions, including those for nuclear industry.
• The team at the quality and reliability laboratory for gas pipeline and gas field equipment materials at the Baikov Institute of Metallurgy and Material Science, Russian Academy of Sciences [19] has shown that the mechanical properties of trunk oil pipeline steels observed on standard samples in pipes after both long-term operation and from emergency reserves are practically the same. Over long-term operation under design conditions, the efficiency of microscopic mechanisms of hardening and embrittlement in pipe steel remains practically unchanged. Substructural heterogeneity in pipe metal, acquired during production causes significant dispersion of impact toughness values at different stages of operation.
However, impact toughness characteristics are crucial when dealing with the laws of pipe metal degradation over long-term operation in trunk oil pipelines.
• ZAO Melnikov Central Research and Design Institute of Steel Structures [14] [15] has also been working on assessing the tendency for deformational ageing.
• The scientific Institute of Energy Supply Transport has formulated recommendations [16] [17] [18] according to which operating pressure should be reduced in comparison to design pressure as the pipeline ages (up to 29% when operating life exceeds 30 years).
Overall, the extensive and diverse studies carried out nationally and abroad cannot offer a clear-cut answer as to how longterm operation affects the performance of trunk oil pipelines and petroleumproduct pipelines.
Systematic studies into the properties of structural lowalloyed steels
Since 2000, Transneft PJSC and the Pipeline Transport Institute, in cooperation with Baikov Institute of Metallurgy and Material Science, and IMASH RAN (the Mechanical Engineering Research Institute of the Russian Academy of Sciences), have been conducting research into the actual properties of pipe steels, including durability and resources for pipelines in long-term operation [21] .
The basic results of this research are:
• there was no evidence of significant change to structural parameters and basic mechanical properties, characterising the reduction in static deformation resistance and damage resistance in pipe metal;
• structural indications of low-cyclic fatigue only appear in natural and artificial defect zones and are purely local;
• pipeline leakage or failure occur in zones of operational defects;
• strength characteristics (yield strength and ultimate strength) in steels of pipes that have been operated, before and after bench tests, and those from emergency reserve, are higher than the values stipulated in the technical specifications which were in force when the pipes were manufactured;
• ductility characteristics (relative elongation of pipe steels) after operation are significantly dispersed in relation to the value given in technical specifications, but reduction of cross-sectional area decreases insignificantly over the service life.
These studies showed that the least reliable steel grades were 19G, 14KhGS, and Ts. The growth of defects to critical size is possible in these steels at the design pressure and as the operating period increases.
Forming and implementing the program of testing and studying properties of pipe steels in longterm operation
The above-mentioned works were developed at Transneft PJSC's facilities into the concept of studying the mechanical and chemical properties of pipe steels used in operational pipelines and those under construction. Subsequently, recommendations for improving the general regulatory framework and methods were developed, along with calculations of strength and durability.
The concept comprises the following main stages:
• grouping and ranking of pipe steels; • systematising design indicators for long-term operational, modern, and prospective pipe steels; • substantiating a list of testing methods, as well as ways of evaluating strength, durability, and reliability; • developing a methodology for a calculating and experimentally assessing strength, durability, and reliability.
At the first stage, the aims were:
• to group pipe sections according to steel grade (criteria: composition, alloying elements, impurities), industry standards, technical specifications, manufacturer, technologies, and production year;
• to rank, according to use, intended function (linear pipelines, industrial pipelines, and berthing facilities), years of operation, scope of replacement;
• to analyse the presence, reliability, and completeness of mechanical and chemical properties.
Transneft PJSC uses a total of over 70 steel grades in the linear sections of oil and petroleum-product pipelines. Some of them are represented only by the strength class (for instance K52) corresponding to the steel grade.
In the Transneft system, two main groups of steel are used: carbon steels (carbon content of up to 0.24% without the introduction of special alloying elements) and low-alloyed structural steel grades (total content of alloying elements is no more than 2.5%).
The content of carbon and alloying elements determines the weldability of pipe steels, which is evaluated according to the of carbon equivalent criterion value C eq .
Low-alloyed steel grades with silicon and manganese of type 17GS and its modifications 17G1S and 17G1S-U are used most frequently ( Fig.1 ) (in all, 56% of the total length), followed by steel grades Ts (7%). Modern steel grades of strength class K52, K56, and K60
an important factor when constructing and operating pipelines. Grades of steel such as steel 10, steel 20, steel 4, steel 3, and their equivalents (modifications) were used to produce pipes with small diameters, from 159 to 530 mm. Some steel grades (17G1S and 09G2S) were used for practically all standard pipe sizes.
For large-diameter pipes (from 530 to 1120 mm), the following grades were used: 10G2FBYu and steels of modern strength classes K56-R60.
The greatest range of pipe sections have service lives of between 5 to 10 years and 35 to 45 years. The percentage of pipe sections which have service life of over 30 years is no less than 57%, and a life of over 50 years it is less than 10% (Fig.2) .
Of approximately 55 Russian and foreign producers ( Fig.3 ), Russian manufacturers account for the greatest length of pipe products (73%). A significant proportion of pipes is manufactured by Chelyabinsk Pipe-Rolling Plant (49%), Vyksa Steel Works (14%), and Volzhsky Pipe Plant (8%).
Ukraine's share in production amounts to 12.5% from the Novomoskovsk Pipe Plant and the Khartsyzsk Pipe Plant products, combined). The same is true for other steel grades produced by various manufacturers.
These data indicate the possibility of reducing the actual mechanical properties in comparison to the requirements of the technical specifications, which can vary by as much as 10-20%. As such, in order to improve the accuracy of strength and longevity calculations based on actual characteristics, it is necessary to additionally take into account the year of manufacture and technology used to produce each steel grade. This is especially true when design characteristics for mechanical properties are found to be lower than those stipulated in technical specifications.
Each steel grade used in Transneft's facilities can be classified according to various criteria: the year of development and production (service life), the alloy level (the content of carbon and alloying elements), the content and distribution of detrimental impurities, the production technology, and other parameters (Fig.6) fracture and strengthening it by adding carbon, manganese, and chrome. These grades were, however, still subject to brittle fracture, in particular avalanchetype and extended-ve fractures.
In the 1960s and later, low-alloyed steels based on hot-rolled 17GS (normalized 17G1S, including 17G1S-U after synthetic slag treatment, with strength level up to K52) came into widespread use. This was made possible by reducing the content of detrimental impurities (sulphur and phosphorus) and carbon, and strengthening the steel using manganese and silicon, as well as grain refinement by heat treatment in normalization.
Steels of types 14G2SAF, 14G2AF, 16G2SAF, and 17G2A are characterized by carbonitride strengthening, smelting in oxygen steel-making converters and subsequent continuous casting, steel treatment in the ladle, control of the shape of non-metallic inclusions and further reduction of the sulphur and carbon content. These steels have K55-K60 strength classes, and significantly exceed silicon-manganese steels by their properties.
In micro-alloyed low-perlitic and ferritic steels of 10G2FBYu, 09G2FB and other types, grain boundary, substructural and dispersion strengthening are used. These steels undergo thermos-mechanical rolling and subsequent accelerated cooling. Controlled rolling modes allow strength and toughness to be increased while maintaining sufficient weldability.
Steel quality was further improved with the development of low-alloyed steels, for instance 08G2MFB and 08G2FBT, which have a lower carbon content and other types of structures (acicular ferrite, ferrite-bainite) which undergo thermosmechanical rolling, and which have ultimate strength of up to 640 MPa.
Data on the chemical composition of steel grades (intervals for the content of alloying elements) are selected from reference books and scientific and technical literature on pipe steels. In the vast majority of cases, there are no actual results for determining the chemical composition of the steel in pipe sections.
Steel grades were grouped according to standard values for carbon, phosphorus, and sulphur content (Tables 2-3) .
As a rule, the lower is the content of detrimental impurities, the higher are the ductility and toughness indicators.
In Figs 7-9, pipe steels are ranked based on the actual mechanical properties of steel grade, taking into account technical specification data for ultimate strength values (group interval of 50 MPa), relative elongation (group interval of 3%), and impact toughness (group interval of 20 J/cm 2 ).
Assigning points to each of the groups was proposed as a way to make a generalised ranking by chemical composition parameters and actual mechanical properties. The higher is the group that the steel grade falls into, the higher is the score, and the final values were obtained by combining scores for each characteristic. The modern steel of the ferritic -bainitic class 06GFBAA (Fig.10 ) was found to be the best steel grade.
Transneft R&D, LLC together with Transneft Diascan, JSC, and the organizations of the Transneft system, has developed and continue to enlarge a database based on the results of actual mechanical properties of pipe steels from various manufacturers, using technical documents and he time of manufacture. At present, it contains the results of more than 19,000 different tests. 
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Combined data on the mechanical properties of pipe steels
In summarizing the results of the tests and studies that have been carried out, the following statistics can be formulated.
The largest guaranteed impact toughness values were found in modern steel grades of strength class K56-K60, 10G2FBYu, 09G2SF, 13G1S-U, and 17G1S-U; these results were taken from Mesnager sample tests. The lowest values were found in 14KhGS, Ts, 19G and carbon steels (Fig.11) . A significant safe margin of ductility can be seen in carbon steel grades 09G2S and 10G2S, while the lowest margin of ductility was found in 19G and 14KhGS (Fig.12) .
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The lowest values for strength are observed in carbon steel grades. The greatest are found in steel grades 17G1S-U, its derivatives, and steel grades manufactured using controlled-rolling technology (Fig.13) .
To assess the effect of alloying element content and impurities on the mechanical properties of various steel grades, and the relationship of the normative content of carbon and sulphur vs the actual values of mechanical properties, are plotted in Fig.14 .
By analysing the above relationships, it can be concluded that impact toughness values for pipe steels increase when sulphur content is reduced. The influence of carbon was less noticeable. Rather complex relationships were found for a certain drop in ductility when pipe steel strength increased, together with a simultaneous increase in the magnitude of reduction in area when elongation grew and in yield strength when ultimate strength grew for various steel grades. These are shown in Fig.15 .
It is important that the pipe metal characteristics used to calculate strength and durability were in fact the closest to the average values from the test results. The relative scatter in the characteristics studied within a series of tests is characterised by the value of the variation coefficient.
Analysis of the actual test results revealed a range of technical specifications from a number of manufacturers. For some characteristics, the value of the variation coefficient was significant (over 10%), which indicates a great heterogeneity of metal properties when transferred from sheet to sheet, and from pipe to pipe.
There are various combinations of manufacturer -technical specifications -steel grade for which test results are currently not available.
Conclusions and the way forward for future research
As opportunities for testing increase (given the availability of grades in pipe sections for cutting during stoppages or replacements), and taking into account total length, it is necessary to select the templates and conduct tests and studies for specific combinations. These templates should be tested with both standard and specialized methods, including those developed by our partners in leading scientific institutions.
We plan to expand the area in which the mechanical properties obtained, based on the methods that can be applied when evaluating the strength and durability of pipe sections. This will be supported by performing verification bench tests using Transneft-Diascan JSC's current and planned testing facilities [20] . The objectives for further research are:
• To expand knowledge of the problem of degradation in the characteristics of pipe steel metal during operation.
• To conduct tests of selected templates using existing methods of mechanical testing:
• standard tests (tensile tests, impact bending, hardness measurement, etc.); • unified tests (calculation from deformation diagrams of workhardening index, uniform reduction in area, fatigue strength, stress intensity factor, etc.); • special tests (ductility in Z-direction, indentation diagrams, anisotropy of properties in various directions).
• To develop new methods of assessing mechanical properties, and testing model samples:
• taking into account surface layers; • research into the local properties of welded joints and damaged zones, microstructural studies; • estimation of local strain-stress state; • study of natural, artificial, dynamic and deformational ageing.
• To analyse the methods used for evaluating the destruction of pipe steels within a critical temperature interval.
• To verify existing methods through computational experiments.
• To develop new bench and fullscale test methods (with the involvement of leading scientific institutions). 
